Proper migration of cells through the dense and complex extracellular matrix (ECM) requires constant restructuring of the ECM to allow cells to move forward in a smooth manner.
Introduction
Cell migration is an essential process during development of multicellular organisms. Cells can migrate in different ways; as individuals like primordial germ cells (Kunwar et al., 2006) , or as a multicellular collective like the salivary gland of Drosophila melanogaster or vertebrate mammary gland (Andrew and Ewald, 2010; Kerman et al., 2006) . In addition, the entire cell can migrate, or only a part of the cell can migrate, as is the case with many neurons where there is axonal outgrowth (Aman and Piotrowski, 2010; Dickson and Gilestro, 2006; Evans and Bashaw, 2010; Jang et al., 2007) . Despite all these differences in types of migration, all migrating cells, or parts of cells, have very specific targets. Two questions to think about are what types of signals are migrating cells receiving along their path in order to reach their target, and how do migrating cells know when to stop migrating? Although we have gained much insight into these questions, much more remains unknown. Therefore, using a simpler model system like Drosophila may be able to help us tackle these questions.
Migrating cells require cues, both attractive and inhibitory, from their environment to guide them to the correct target (Bradley et al., 2003; Kunwar et al., 2006; Tessier-Lavigne and Goodman, 1996) . Attractants have been well studied, including the growth factor PDGF that signals from the oocyte to guide border cells toward the oocyte (Duchek et al., 2001; McDonald et al., 2003) , the FGF bnl expressed in the mesoderm that guides tracheal cells (Reichman-Fried et al., 1994; Sutherland et al., 1996) , the FGFs pyr and ths guiding both early mesoderm cells and caudal visceral mesoderm (CVM) cells (Kadam et al., 2012; Reim et al., 2012; Stathopoulos et al., 2004) , and primordial germ cells in Zebrafish responding to the chemokine SDF-1a (Doitsidou et al., 2002; Reichman-Fried et al., 2004) . As attractants function to guide cells toward a signal to keep cells on the correct path, inhibitory cues are also functioning to guide these migrating cells away from the incorrect path. Therefore, repelling cells from a certain area can be as important as guiding cells toward a default path. For example, the lipid phosphates wunen and wunen2 are required to repel germ cells away from the ventral midgut and the CNS so that the germ cells stay on a strict path toward the gonad (Kunwar et al., 2006; Renault et al., 2004; Starz-Gaiano et al., 2001; Zhang et al., 1997) . During neural crest cell migration, class 3 Semaphorins and Eph/ephrin signaling are both used as avoidance cues for different streams of neural crest cells as they migrate toward their correct target (Mayor and Theveneau, 2013) .
The embryonic nervous system in Drosophila is a very wellstudied model for examining how attractive and inhibitory cues function during cell migration. During axon outgrowth, in both the central nervous system (CNS) and peripheral nervous system (PNS), the axon travels to its target to make synaptic connections. Just like other types of cell migration, axons use attractive and inhibitory cues to guide them along the right path. Moreover, these attractive and inhibitory cues can work both in short range and long range (Tessier-Lavigne and Goodman, 1996) . Semaphorins function as repulsive cues during motor axon guidance (Bates and Whitington, 2007; Van Vactor and Lorenz, 1999; Yu et al., 1998) . The ligand for Robo receptors, Slit, is secreted by midline glial cells and inhibits longitudinal axons in the Drosophila CNS (Kidd et al., 1999; Simpson et al., 2000) . Slit-Robo signaling has been shown to play a role in the PNS where Robo inhibits lateral cluster sensory axons from exploring aberrant pathways (Parsons et al., 2003) . The question we are interested in is how these extracellular factors are presented to the migrating cells to influence their migration in a spatiotemporal manner.
Most cells migrate through a dense three-dimensional extracellular matrix (ECM) composed of a complex mixture of proteins and macromolecules. The only way cells can change their shape, rearrange themselves, and eventually migrate is for this dense, complex matrix to get restructured and remodeled by certain proteases that function within the ECM. ADAMTS (A Disintegrin And Metalloprotease with ThromboSpondin motifs) extracellular protease are one family of secreted proteases that function within the ECM to degrade certain ECM components, thereby allowing for various cellular functions, including cell migration (Apte, 2009; Nandadasa et al., 2014; Wagstaff et al., 2011) . Traditionally, it has been thought that extracellular proteases functioning in cell migration have one job, to clear a path in the ECM at the leading edge of a migrating cell to allow the cell room to move forward. Recently, it has been shown that the function of these enzymes extends past this one role. The ADAM protease Kuzbanian cleaves the Robo receptor to activate repulsion of axons along the CNS midline (Coleman et al., 2010; Schimmelpfeng et al., 2001) . Additionally, Drosophila AdamTS-A functions to detach cells from the trailing edge, thereby allowing cells to move forward in a smooth manner (Ismat et al., 2013) .
In this study, we have shown that a second Drosophila ADAMTS extracellular protease stall (stl) functions in the PNS to inhibit migration of one sensory neuron. Previously, stl was shown to play a role in ovarian development, where loss of stl caused an overgrowth of ovarian tissue (Ozdowski et al., 2009; Willard et al., 2004 ). Here we show that stl mRNA is expressed in the vicinity of the v' cluster neuron (v'ch1), and that loss of stl causes the v'ch1 neuron to migrate to its target dorsal to the lch5 chordotonal organ cluster sooner than its wildtype (WT) counterparts. Therefore, this study suggests a novel and unexpected role for extracellular proteases in presenting inhibitors for cell migration.
2.
Experimental methods
2.1.

Drosophila strains
The following Drosophila strains were used: Canton S (CS) (Bloomington Stock Center, Indiana University), stl ph57 , stl pa49 , stl awk26 (Ozdowski et al., 2009 ) (from T. Schupbach, Princeton University, USA), stl a16 (Ozdowski et al., 2009 ) (from C. Cronmiller, University of Virginia, USA). All embryos were collected at 25°C. All stl alleles were balanced over the SM6 evelacZ balancer, and stl mutant embryos were identified by the absence of β-gal.
Staining procedures
Antibody stainings, fluorescent double stainings for proteins and mRNA, and in situ hybridizations were performed as described (Azpiazu and Frasch, 1993; Knirr et al., 1999; Reuter and Scott, 1990) . The following antibodies were used: rabbit polyclonal αnti-βgal (1:3000, MP Biochemical), mouse anti-22C10 (1:10, Developmental Studies Hybridoma Bank [DSHB]), rat αnti-Elav (1:10, DSHB), mouse αnti-Repo (1:10, DSHB), mouse αnti-β-gal (1:500, Promega), sheep αnti-digoxigenin (DIG) (1:1000, Molecular Probes). The following digoxigenin-labeled RNA probe was used: stl (T7 RNA polymerase transcript of EST AT15733). Secondary biotinylated αnti-mouse, biotinylated αnti-rabbit, biotinylated αnti-sheep, goat αnti-mouse-488, goat αnti-rat-488, goat α-rat568 were used. Brightfield DIC images were taken on a Leica DMRB microscope using a ProgRes C5 color camera and ProgRes image capture software (Franklin & Marshall College) . Fluorescent images were taken with a Leica SP2 laser scanning confocal microscope (Penn State College of Medicine, Hershey, PA). out spatiotemporally (Bates and Whitington, 2007; Hartenstein, 1988; Parsons et al., 2003) . Most sensory neurons in the Drosophila PNS start out in a dorsal position in the embryo, and send out an axon ventrally to eventually meet the CNS. However, in the case of the v'ch1 sensory neuron, the cell body migrates dorsally at the same time it is extending an axon ventrally toward the CNS (Bates and Whitington, 2007; Hartenstein, 1988; Parsons et al., 2003) . Although previous work has described v'ch1 migration (Bates and Whitington, 2007; Kaminker et al., 2001; Mrkusich et al., 2010; Parsons et al., 2003) , we decided to focus on the dorsal migration, and position, of this v'ch1 neuron in relation to the lch5 chordotonal organ cluster between stages 15 and 17 of embryogenesis. Wild type (WT) embryos labeled with anti-22C10 antibody clearly show the position of the v'ch1 neuron (Fig. 1B-D , pseudo-colored in blue) in relation to the lch5 chordotonal organ cluster (Fig. 1B-D , white arrowhead). At stage 15, the v'ch1 neuron is in a position ventral to the lch5 chordotonal organ cluster (Fig. 1B) . At stage 16, the v'ch1 neuron has migrated to a position inside the lch5 organ cluster (Fig. 1C) . By the end of embryogenesis at stage 17, the v'ch1 neuron has migrated to its final position dorsal to the lch5 organ cluster (Fig. 1D ).
stl encodes an ADAMTS extracellular protease
The human genome encodes 19 members of the ADAMTS family of metalloproteases (Apte, 2009 ). The Drosophila genome encodes three ADAMTS metalloproteases, AdamTS-A (Ismat et al., 2013) , CG4096, and stall (stl) (Ozdowski et al., 2009; Willard et al., 2004) . Like all other ADAMTSs, stl is secreted, and contains a signal peptide, a prodomain, a Zn-dependent metalloprotease domain, a disintegrin-like domain, thrombospondin-type 1 repeats, a cysteine-rich domain, and a C-terminal spacer. However, stl only contains one thrombospondin-type 1 repeat (Fig. 2) . Phylogenetic analysis reveals that stl is most closely related to human ADAMTS13, a protease required for the cleavage of von Willebrand factor (vWF) in blood coagulation (Cal et al., 2002; Ismat et al., 2013; Lee et al., 2012; Zheng, 2013 , where a point mutation only deletes the C-terminal spacer; and stl awk26 , the most severe truncation as only the signal peptide and part of the prodomain remain ( Fig. 2 ) (Ozdowski et al., 2009 ). All three alleles have previously been used as complete loss-of-function mutants of stl (Ozdowski et al., 2009; Willard et al., 2004) . Although the truncated proteins generated by point mutations in stl ph57 and stl pa49 only delete domains C-terminal to the metalloprotease domain, it is possible that these truncated proteins do not have much protease activity, as compared to the full length Stl protein.
The metalloprotease domain alone of ADAMTS13 has no proteolytic activity toward the vWF substrate, and ADAMTS13 missing the Cysteine-rich and C-terminal spacer regions seem to have very minimal proteolytic activity (Ai et al., 2005; Soejima et al., 2003) , suggesting that any deletion of protein domains in Stl may also abolish any proteolytic activity.
stl mRNA is expressed in and around the PNS during embryogenesis
Extracellular proteases, including matrix metalloproteases (MMPs), ADAM proteases, and ADAMTS proteases have all been shown to play significant roles in cell migration, during both development and disease states Coleman et al., 2010; Vu and Werb, 2000) . Recently, it was shown that one of the ADAMTS proteases in Drosophila, AdamTS-A, is expressed in several migratory cell types during embryogenesis, and is required for their proper migration (Ismat et al., 2013) . Previous reports showed a requirement for stl in ovarian growth control (Ozdowski et al., 2009; Willard et al., 2004) . Therefore, we were curious whether stl was expressed during embryogenesis, and if so, does it also play a role in cell migration. stl mRNA is expressed in the region of the peripheral nervous system (PNS) of thoracic (t) and abdominal (a) segments of late stage Drosophila embryos, starting at stage 15 (Fig. 3A,B) . A ventral view shows no stl mRNA expression in the central nervous system (CNS) (Fig. 3B) . In order to find out which cells within and/or around the PNS express stl mRNA, we co-stained WT embryos with stl mRNA and various molecular markers of the nervous system, including a marker for all neuronal nuclei, Elav, a sensory neuronspecific marker, 22C10, and a pan-glial marker Repo. stl mRNA (red) seemed to co-localize with Elav (green) in specific lateral and ventral sensory neurons (white arrowheads in Fig. 3E ). Additionally, it is clear that stl mRNA (red) co-localized with 22C10 (green) in dorsal sensory neurons (white arrowheads in Fig. 3F ). stl mRNA is also expressed just ventral and dorsal to the v'ch1 sensory neuron (white arrows in Fig. 3E,F) . Since Stl is a secreted protease, we wanted to know if the stl mRNA that did not co-localize with neurons could be expressed in glial cells that surround certain axons on the PNS (Sepp and Auld, 2003) . It is possible that Stl gets secreted by the glial cells to influence migration of nearby neurons. Using a panglial marker Repo, we did not observe any co-localization between stl mRNA and Repo (data not shown). From these data, stl seemed to be expressed within and around PNS neurons during late embryogenesis, specifically in cells dorsal and ventral to the v'ch1 sensory neurons in the abdominal segments.
3.4.
The absence of stl function displays the v'ch1 sensory neuron migrating to its target sooner than in wild type Traditionally, when it comes to cell migration, it is thought that the role of extracellular proteases is to clear a path for the migratory cell by cleaving specific ECM components that would otherwise block the migratory cell from being able to move forward. However, it has recently been shown that extracellular proteases are required for more than just clearing a path at the leading edge of migrating cells. For example, the function of Drosophila AdamTS-A is to detach migrating cells from the trailing end to allow them to move forward (Ismat et al., 2013) . The expression of stl mRNA in and around the sensory neurons of the PNS prompted us to examine migration of these neurons more carefully. As displayed in Fig. 1 , we mapped the dorsal migration of the v'ch1 sensory neuron during stages 15, 16, and 17, relative to the lch5 chordotonal organ cluster.
In WT embryos at stage 15, the v'ch1 sensory neuron (black arrowhead) is normally ventral to the lch5 chordotonal organ cluster (white arrow) (Fig. 4A,C) . In the absence of stl at stage 15, we observed the v'ch1 neuron in a more dorsal position relative to the lch5 chordotonal organ cluster (Fig. 4B,D) . In order to quantify this observation, we categorized every v'ch1 neuron as ventral (pink cell, Fig. 4G ), inside (yellow cell, Fig. 4F ), or dorsal (blue cell, Fig. 4E ) to the lch5 chordotonal organ cluster (gray cells, Fig. 4E-G) , and graphed the percentages of the total v'ch1 neurons scored (Fig. 4H) . Stage 15 WT v'ch1 neurons were ventral to the lch5 chordotonal organ cluster more than 70% of the time (Fig. 4H, pink bar) . In contrast, only about 50% of v'ch1 neurons in stl mutants were ventral to the lch5 chordotonal organ cluster (Fig. 4H, pink ). Moreover, whereas only 20% of v'ch1 neurons were inside the lch5 organ cluster in WT (Fig. 4H, yellow bar) , approximately 40% of v'ch1 neurons were inside the lch5 organ cluster in the absence of stl (Fig. 4H, yellow  bars) . Clearly, in the absence of stl at stage 15, the v'ch1 sensory neuron has migrated further dorsal than in WT. These data suggest that this extracellular protease, expressed in cells dorsal to the v'ch1 sensory neuron (Fig. 3E,F) , may normally function to inhibit migration of this sensory neuron. The next question is whether this neuron continues to migrate further dorsal and migrate past its correct target, or does this neuron reach its target and stop migrating. We next wanted to know whether the v'ch1 sensory neuron migrates past its correct target, or reaches its target faster. In order to answer this question, we scored the position of the v'ch1 neuron in relation to the lch5 chordotonal organ cluster at stage 16 and stage 17 (Fig. 5) . At stage 16, the v'ch1 neuron is inside the lch5 organ cluster (Fig. 1C) , and at stage 17 the v'ch1 neuron is dorsal to the lch5 organ cluster (Fig. 1D) . At stage 16, the v'ch1 sensory neurons were not in a more dorsal position in embryos missing stl, as compared to WT (Fig. 5A-D ), there is no significant difference in the v'ch1 position compared to WT (Fig. 5I) . At stage 17, the v'ch1 neuron has reached its correct target dorsal to the lch5 chordotonal organ cluster, and has not migrated any further dorsal in the absence of stl (Fig. 5E-H, I , compare black arrowheads in G,H). Quantification of this result shows no significant difference between WT and stl mutants (Fig. 5I) . Clearly, these data suggest that, in the absence of stl, the v'ch1 neuron migrates to its target sooner than its WT counterpart, but does not over-migrate past its target.
Discussion
In this study, we have shown an unexpected function for the ADAMTS extracellular protease stl in sensory neuron migration; stl functions to inhibit the v'ch1 sensory neuron from migrating dorsally too soon. The mRNA expression of stl just dorsal to the v'ch1 and lch5 chordotonal organ cluster (Fig. 3) was our first clue that stl could play a role in the proper migration of this sensory neuron. Surprisingly, embryos absent of stl function displayed the v'ch1 sensory neuron migrating to its target sooner than in WT. More specifically, at stage 15, the v'ch1 neuron was inside the lch5 chordotonal organ cluster as much or more often that it was ventral to this organ cluster in the absence of stl, as compared to the WT (Fig. 4) . However, this over-migration of the v'ch1 neuron at stage 15 does not continue, and this neuron ends up at the same target position as in WT starting at stage 16 (Fig. 5) . By stage 17, when this v'ch1 neuron is in its final position dorsal to the lch5 organ cluster (Fig. 1) , there is no significant difference between stl mutants and WT in the position of the v'ch1 neuron (Fig. 5) . These results point to one of two models for how Stl, an extracellular protease, functions to inhibit migration of the v'ch1 sensory neuron. One model indicates Stl releasing an inhibitory cue to the v'ch1 sensory neuron early, at stage 15, to prevent it from reaching its target position too soon. In this case, Stl could release an inhibitor directly, such as Robo (Coleman et al., 2010) , or indirectly by cleaving an ECM component that is sequestering the inhibitor. The second model indicates Stl destroying an attractive cue that would allow further migration of the v'ch1 sensory neuron past its target. Therefore, in the absence of stl function, this attractive cue has not been destroyed, and provides an unwanted early attractant for the v'ch1 neuron. 
4.1.
Traditional and non-traditional roles for extracellular proteases in cell migration
The vast majority of migrating cells go through the same cyclical steps in order to reach their target; they sense their environment, polarize in the direction of an attractive guidance cue, extend cellular protrusions in the direction of migration, release adhesions to the substrate from the trailing edge of the migrating cell, and propel themselves forward (Carey et al., 2011; Etienne-Manneville, 2008; Horwitz and Webb, 2003) . Most of these migrating cells must perform these steps through a densely packed extracellular environment, the ECM, in order to reach their target. The ECM, therefore, is constantly being remodeled or restructured by extracellular proteases that target and cleave certain ECM components around migrating cells to allow forward migration (Vu and Werb, 2000) . However, remodeling or restructuring of the surrounding ECM does not only take place at the leading edge of migrating cells, as was traditionally thought, but also occurs at the trailing edge to allow cells to detach from the ECM. Recently, the Drosophila extracellular protease AdamTS-A was shown to function in detaching the trailing end of salivary gland cells from the apical ECM in the salivary gland lumen. Without this detachment, the cells could not move forward in a smooth manner, stretching out as a result, and preventing proper migration of the salivary gland (Ismat et al., 2013) .
The human homologue of Drosophila Stl is ADAMTS13, known for cleaving a large polymeric adhesion protein von Willebrand factor (vWF) (Cal et al., 2002; Ismat et al., 2013; Lee et al., 2012; Zheng, 2013) . Human ADAMTSs are grouped into four categories, based on structural and functional similarities (Ismat et al., 2013) . Adamts13 and its Drosophila homologue stl are the only members of one of the four groups, suggesting possibly strong similarities between these two proteins. Like other extracellular proteases, stl has multiple, even opposing functions during both development and homeostasis (Dong et al., 2003; Lee et al., 2012; Zheng, 2013) . vWF, being an adhesion molecule, binds platelets, which then stops bleeding at the site of injury (Dong et al., 2003) . The cleavage of vWF by ADAMTS13 prevents excessive blood coagulation, or thrombus from occurring (Dong et al., 2003; Zheng, 2013) . Moreover, mice completely lacking Adamts13 display an increase in macrophage migration into an atherosclerotic lesion causing an increase in inflammation (Gandhi et al., 2011; Jin et al., 2012) . In contrast, ADAMTS13 has been shown to have both antiangiogenic and pro-angiogenic properties, depending on the external environment of the migrating cells (Lee et al., 2012) . This study demonstrates the complexity in assigning one specific role to this particular extracellular protease.
The v'ch1 sensory neuron migrates dorsally during embryogenesis
In the Drosophila embryo, most neurons in the PNS start out in a more dorsal position and send out an axon ventrally to enter the CNS. The v'ch1 sensory neuron sends an axon ventrally that joins the segmental nerve (SN) while the lch5 chordotonal organ cluster sends an axon ventrally to meet the intersegmental nerve (ISN) (Bates and Whitington, 2007; Hartenstein, 1988; Parsons et al., 2003) . Interestingly, the v'ch1 sensory neuron and the lch5 chordotonal organ cluster migrate during normal development of the PNS. Both the v'ch1 and lch5 extend axons ventrally toward the CNS, and also extend one dendrite dorsally. It has recently been shown that the v'ch1 neuron-associated cap cell gets an attractive Netrin cue and pulls the neuron dorsally, suggesting that the v'ch1 neuron migrates passively (Mrkusich et al., 2010) . Whether the v'ch1 neuron is passive and gets pulled dorsally by its cap cell or migrates actively, the fact remains that there are cues from the extracellular environment that are guiding these neurons. Therefore, it is possible for a secreted protease, such as Stl, to release a guidance cue that may be sequestered by the ECM environment it is in. Furthermore, guidance cues can be either attractive or inhibitory. The v'ch1 sensory neuron, like all migratory cells, has a very specific target, dorsal to the lch5 chordotonal organ cluster at stage 17 (Fig. 1). 
Axon guidance signaling pathways
Axon guidance of both longitudinal axons in the CNS and motor neurons in the PNS of Drosophila have been great systems with which to work out signaling pathways required for attraction and repulsion of axons. The Robo-Slit pathway is a well known pathway involved in repulsion of longitudinal axons across the CNS midline (Kidd et al., 1999; Simpson et al., 2000) . More recently, the ADAM protease Kuz has also been shown to cleave the Robo receptor to allow for axon repulsion in the CNS (Coleman et al., 2010; Schimmelpfeng et al., 2001 ). In the PNS, it has been shown that the Robo receptor working with and without the secreted ligand Slit is important for proper axon guidance of lateral cluster sensory neurons (Parsons et al., 2003) . It is also well established that PlexinSemaphorin signaling functions in repulsive guidance of motor neurons (Bates and Whitington, 2007; Van Vactor and Lorenz, 1999; Yu et al., 1998) . Additionally, the ECM proteoglycan perlecan is secreted by motor neurons and required for Semaphorin-mediated repulsion (Cho et al., 2012) . This particular study shows how important the right composition of ECM is for presentation of guidance cues for migration, as other ECM components like syndecan and dally-like could not substitute for perlecan (Cho et al., 2012) . The ECM changes composition through restructuring, which is the function of extracellular proteases such as stl. Therefore, it would be interesting to see if there is any link between stl and Semaphorin-mediated repulsion.
In this study, we have found that the extracellular protease stl seems to function to inhibit dorsal migration of the v'ch1 sensory neuron at stage 15 of embryogenesis. Our data support a model where Stl restructures the ECM around the v'ch1 neuron to present an inhibitory cue to stop the v'ch1 neuron from migrating too far too soon. This novel role for this protease is just the beginning where the major question still remains of what is the inhibitory signal this protease is presenting to the v'ch1 sensory neuron. Previous work has identified the secreted proteins Slit and Sema2a as inhibitors of neuronal migration (Bates and Whitington, 2007; Parsons et al., 2003) . This work, along with several others, display a much more diverse array of functions for extracellular proteases than was previously thought. For example, matrix metalloproteinases (MMPs) are known to function in multiple cellular processes, including cell proliferation, apoptosis, and presenting growth factors to cells (Vu and Werb, 2000) . In addition, ADAMTS20 is required for melanoblast survival in mice (Silver et al., 2008) . Through these new functions, we can gain more insight into how ECM restructuring influences basic cellular processes during both normal development as well as disease states like cancer.
